that the grid-connected PV systems must comply with certain standards like IEEE 1547 [9] , IEC 61727, and NEC 690 [10] . IEEE 1547 has provisions related to the performance, operation, testing, safety considerations, and maintenance of the grid-PV interconnection. IEEE 1547 and IEC 61727 impose limitations on the maximum allowable amount of injected dc current into the grid, which is 0.5%-1% of the rated output current of the source. NEC 690 requires that the grid-connected, PV-based, dc-ac inverter topologies must be appropriately earthed (grounded).
The grounding of a PV system, referred to as "system earthing," needs special consideration due to safety reasons [11] , and to minimize the effects of lighting and other surges. It refers to an intentional connection to earth of one of the current-carrying conductors in the PV system. In view of this, in certain countries (e.g., USA), it was mandatory to provide earthing to the PV system when its output dc voltage exceeded a certain level, typically 50 V. According to the revised NEC 690 (revised in 2005), PV inverters with ungrounded conductors are now allowed in USA. However, the ungrounded PV inverters have to fulfill a number of additional requirements (e.g., disconnects and overcurrent protection in both the conductors, provision for minimization of the effects due to surges, etc.) [12] . It is important to note that even though ungrounded PV systems are now allowed, system earthing is still advisable.
In addition to the PV string's grounding, the neutral conductor of the 1 − φ inverter feeding the utility or the neutral of the utility itself is grounded. This necessitates a PV inverter topology that allows double grounding [10] . The inverter topologies consisting of a transformer can easily realize double grounding. In fact, double grounding can also be achieved with the transformer-less topologies employing split PV sources. As discussed later in Section II, most of the transformer-less topologies, which have double grounding feature, employ a split PV source (i.e., a PV source split into two halves PV 1 and PV 2 ). However, they suffer from the following drawbacks. 1) They generate alternate half cycles of the grid current from different halves of the split PV source. If the two halves (PV 1 and PV 2 ) of the PV source operate in unidentical conditions like different solar insolation levels or different shading patterns, it results in a distorted grid current with high total harmonic distortion (THD) and/or high dc component. 2) Grid current may have high THD and/or dc component if the modules used for PV 1 and PV 2 have some mismatch. 3) Only one of the two halves of the PV source is utilized in a given ac half cycle. This leads to more ripple in the voltage across PV 1 and PV 2 . As a result, the average output power extracted from the PV decreases. 4) As explained later in Section V, when operating under nonuniform conditions, inverters with split PV source are less effective in the utilization of the PV array. This paper reviews various transformer-less topologies and proposes a new single-stage, 1 − φ, transformer-less, PV-fed grid-connected system. Fig. 1 shows the proposed configuration employing double grounding. The salient features of the proposed topology are as follows.
1) It meets the double grounding requirement.
2) Even under partially shaded conditions, there is no probability of injecting dc component into the grid.
3) It has a single buck-boost inductor and uses the same operating principle (as that of a buck-boost converter) in both the halves of the ac cycle. As a result, a symmetrical grid current with low THD and dc component is obtained. 4) It uses only one PV string as the input source, which is used in both halves of the ac cycle. Due to this, the ripple in the voltage of the input capacitor C in (Fig. 1) is less, leading to the extraction of more average output power. 5) The proposed topology is more suitable in effective utilization of the PV array. 6) It can be used irrespective of the PV voltage being greater or smaller than the grid voltage amplitude. This feature renders it suitable for places where the environmental conditions vary over a wide range or the array is likely to receive nonuniform solar insolation (e.g., partially shaded conditions). 7) All the features like MPPT control, inversion, and voltage transformation are encompassed into a single stage. 8) It uses fewer components, and is therefore, more compact.
II. REVIEW OF EXISTING TOPOLOGIES
Over the years, researchers have presented many topologies that are based on the galvanic isolation provided by the transformer [10] , [13] , [14] . Another advantage of the transformer is that it can provide voltage transformation. Some single-stage inverter configurations based on high-frequency transformer are also reported [10] to overcome the drawbacks such as lower efficiency, higher cost, and bulky size of the configurations employing line frequency transformer.
Several researchers have worked with the PV-fed gridconnected, transformer-less dc-ac inverter topologies [15] - [18] , [20] - [22] and the issues related to their operation [23] , [24] .
To offer a compact and economic design, the transformer-less topologies may have to compromise on the double grounding aspect [15] , [16] . A few topologies, which do offer double grounding feature, are shown in Fig. 2 . Kasa et al. [17] have presented an inverter based on half-bridge buck-boost configuration [ Fig. 2(a) ]. It employs two parallel-connected buck-boost converters, each with its own PV string (PV 1 or PV 2 of the split PV source). It can operate over a wide input voltage range, and has low switching and conduction losses. But, as only one PV string is used over a half cycle, ripple in the voltage across decoupling capacitors is very large, leading to a decrease in the net output power obtained from the PV strings. This could be minimized by having a large electrolytic capacitor, but at an increased cost. In addition, in case of unbalanced power generation from the two PV strings (PV 1 and PV 2 ), the current injected into the grid may not be symmetrical (highly distorted with high THD), and may have a dc component that does not conform to IEEE 1547.
The configuration shown in Fig. 2 (b) utilizes generation control circuit (GCC) [18] , which comprises two switches (S 1 and S 2 ) and an inductor L. With GCC, MPPT can be applied to both the PV strings independently. The disadvantage with the configuration is that it is inherently a half-bridge, exhibiting buck characteristics. Hence, this topology is applicable only where input voltage is greater than the output voltage. Due to this, a PV string of large number of PV modules would be required, which is more likely to get affected by partial shading conditions. In such a case, the PV characteristics of these strings may have multiple peaks [19] , which makes it difficult to track the global peak, unless each PV module is supported by its own GCC.
Another transformer-less topology that can provide a solution to the dual grounding problem is a multilevel (three levels) halfbridge diode-clamped inverter (HBDC) shown in Fig. 2(c) [20] . It produces three different voltage levels: 1) V C1 when switches S 1 and S 2 are ON; 2) zero when switches S 2 and S 3 are ON; and 3) −V C2 when switches S 3 and S 4 are ON. Here also, as in the topology of Fig. 2(a) , each of the PV strings is loaded only for half the ac cycle. This results in the requirement of a large electrolytic capacitor to reduce the ripple in the capacitor voltage. This topology does not provide voltage boosting, and when the two PV strings generate unequal power, it may generate asymmetrical output current.
Kusakawa et al. [21] have presented an inverter topology [ Fig. 2(d) ] based on the buck-boost principle for an ac module, with a low power rating of around 50 W. Unlike other configurations, this configuration uses only one PV string. The circuit is operated in the continuous conduction mode (CCM), which requires a large inductor value. Further, the PV is not actually grounded; thus, the topology does not truly provide double grounding. Nevertheless, during alternate half cycles, either the positive or the negative conductor of the PV remains grounded through the switches S 1 and S 4 .
All the inverter topologies, shown in Fig. 2 (a)-(d), operate on the same principle in both the ac half cycles. Schekulin [22] has proposed a topology [ Fig. 2 (e)] derived from the basic Zeta andĈuk (fourth-order converters) configurations. This topology uses minimal number of devices. However, during positive [17] , [18] , [20] . (d)-(e) Configurations with single PV source [21] , [22] . (f) Proposed topology.
half-cycle, it transfers the power to the grid on the principle of a buck-boost converter, while during negative half-cycle, it uses the boost principle to transfer the power to the grid. This asymmetrical operation not only makes the control scheme complex, but may also result in asymmetrical current and may inject dc component into the grid current.
III. CIRCUIT CONFIGURATION AND WORKING
The circuit schematic of the proposed 1 − φ PV inverter is shown in Fig. 1 . Unlike some other topologies, which use two PV strings, the circuit of Fig. 1 employs only one PV string as the energy source. In addition, the negative conductor of the PV source always remains grounded, thereby providing double grounding. The circuit uses five switches (S 1 through S 5 ) and three diodes (D 1 through D 3 ). It uses only one buck-boost inductor L. Inductor L f and capacitor C f form the low-pass filter, which allows only the 50-Hz component of the inverter output current to enter into the grid. The various modes in which this circuit operates are shown in Fig. 3 .
During the negative half cycle of the ac grid voltage, switches S 1 , S 2 , and S 5 along with the diode D 1 form a buck-boost converter. The switches S 3 and S 4 always remain OFF. Fig. 3(a) -(c) shows modes I through III, respectively, in which the converter operates during the negative half cycle. In the negative half cycle, switches S 2 and S 5 are always kept ON, while the switch S 1 is triggered with the sine-triangle pulsewidth modulation (PWM) technique. When switch S 1 is ON, energy is stored in inductor L 1 [mode I, Fig. 3(a) ]. When S 1 turns OFF, the stored energy is transferred to the grid [mode II, Fig. 3(b) ].
During the positive half of the ac cycle, switches S 1 , S 3 -S 5 , along with diodes D 2 and D 3 , form a buck-boost converter. Switch S 2 always remains OFF. The buck-boost converter is now operated by controlling the switches S 1 and S 5 using the signal derived from the sine-triangle PWM. Fig. 3(d) -(f) shows modes IV through VI, respectively, in which the converter operates during the positive half cycle. During these modes, switches S 3 and S 4 are always ON. When switches S 1 and S 5 are ON, energy is stored in inductor L 1 [mode IV, Fig. 3(d) ]. When S 1 and S 5 turn OFF, the stored energy is transferred to the grid [mode IV, Fig. 3(e) ].
The amplitude of the "reference" sinusoidal waveform used for the sine-triangle PWM (mentioned before) is controlled to track the maximum power point (MPP). The controller implements the perturb and observe (P&O) method, and identifies whether to increase or decrease the amplitude of the reference waveform to achieve MPP. It then increases/decreases the amplitude of the sinusoidal template, which is derived from the grid voltage.
Unlike the operating modes shown in Fig. 3 , where the operation in both the half cycles is based on the buck-boost principle, it is possible to operate the proposed configuration even with asymmetric operating principle. During the negative half cycle, the operating modes are similar to those shown in Fig. 3(a) and (b), i.e., employing the buck-boost principle. But in the positive half cycle, instead of operating the configuration as a buck-boost converter, it is operated as a buck converter for that period of the half cycle where V PV > v g and as a boost converter for the remaining period. This feature of operating the circuit distinctly as a buck and a boost converter for the positive half cycle can reduce stress on the components. This is a desirable yet unacceptable proposition on account of the asymmetry it introduces between the positive and negative half cycles because the topology does not support distinct buck and boost operations during the negative half cycle.
IV. DESIGN OF THE COMPONENTS
The design of various components used in the proposed inverter is very crucial for generating a sinusoidal grid current, which is in phase with the grid voltage. The design also decides the discontinuous conduction mode (DCM) or CCM operation. The analysis leading to the design of the various components for the DCM operation is presented next.
A. Design of Inductor L 1
The design of the buck-boost inductor should ensure DCM operation of the inverter under all conditions of temperature and peak insolation levels. The inductor should also be able to handle the maximum energy corresponding to the peak power rating of the PV array. If DCM is ensured for peak power conditions, the inverter will operate in DCM for all other conditions. The value of the inductance is obtained for the boundary condition (critical conduction mode), i.e., for the operation on the boundary of DCM and CCM.
As the current injected into the grid is in phase with the grid voltage (v g = V gm sin ωt, where V gm is the amplitude, ω is the angular frequency, and t is the time), the maximum (instantaneous) power is injected into the grid at the time when the grid voltage is at its peak (i.e., ωt = 90
• ). Thus, the design for the inductor should be in accordance with the current, voltage, and power values at that instant. The maximum power obtained from the PV string is given by
where V PV mpp max and I PV mpp max are the output voltage and current of the PV array, when working at MPP under maximum insolation and uniform conditions. Assuming a lossless inverter, the maximum power injected into the grid is
Here, I gm max is the amplitude of current injected into the grid under maximum insolation and uniform insolation conditions. If the switching frequency (f s ) of the converter is very high for a given switching period (T s ), the grid voltage (v g ) and the grid current (i g ) can be considered constant. Under these conditions, at an instant ωt = 90
• , v g = V gm and i g = I gm max . The energy transferred to the grid during this period is
During the ON period
and during the OFF period
where I peak is the peak inductor current and L crit is the inductance value for the critical conduction mode. From (4) and (5)
Using (6), the energy stored in the inductor during this period is given as follows:
. (7) From (3) and (7),
From (2) and (8),
Thus, the value of L crit (for the critical conduction mode) is obtained from the PV string parameters, the grid voltage, and the switching frequency. To ensure DCM operation, L 1 (Fig. 1) should be smaller than L crit .
B. Design of Filter Capacitor C f
The value of filter capacitor C f is obtained by equating the energy released by the inductor L 1 and the energy received by the capacitor C f . If ∆V is the ac voltage ripple on C f , at ωt = 90
• , the energy balance between C f and L 1 is given by the following:
Hence,
From (6) and (11), (12) which gives the value of C f in terms of L 1 , grid voltage, PV string parameters, switching frequency, and acceptable highfrequency ac voltage ripple, superimposed on the sinusoidal capacitor voltage.
C. Design of Filter Inductor L f
The filter inductor can be obtained as follows:
where f c is the cutoff frequency, which is much less than the switching frequency (f s ) at which the switch S 1 is operated.
D. Design of Decoupling Capacitor C in
The size of C in can be decided as follows [10] :
where f is the frequency of the grid voltage and ∆V PV is the amplitude of the ripple voltage across the decoupling capacitor connected across the PV array.
V. SIMULATION RESULTS
In this section, various cases are simulated to highlight the issues, arising due to partial shading, control scheme used, configuration, improper design of the circuit components, etc. Case a discusses the effect of partial shading on the split-PVsource-based configurations. Case b presents the effect of control scheme employing two different operating principles in the two half cycles, while case c shows the effect of improper selection of the buck-boost converter on the grid current waveform. Fig. 4 shows the response of the circuit shown in Fig. 2(a) [17] when operating under nonuniform conditions. The PV array, PV 1 , is receiving an insolation of 0.5 kW/m 2 . PV 2 receives 0.5 kW/m 2 until t = 2 s; 0.1 kW/m 2 for the interval 2-3.7 s; and 0.3 kW/m 2 after t = 3.7 s. Hill-climbing method is used for MPPT by sensing voltage and current of the array PV 1 . Fig. 4(a)-(c) shows that the maximum power from both the arrays is being tracked until t = 2 s due to uniform conditions on both the arrays. However, as the MPPT is done by sensing the parameters of PV 1 , after t = 2 s, when PV 2 starts receiving lower insolation, an optimum utilization of the array PV 2 is not achieved. Fig. 4(d) shows that the THD of the grid current is less than the permissible limit until t = 2 s. However, after t = 2 s, the THD of the grid current is about 90% for the interval 2-3.7 s and is 48% beyond t = 3.7 s.
A. Results With a Split Source Topology 1) Case a (Operation of a Split PV Source in Partially Shaded Conditions Where MPPT is Used With an Unshaded Array):
Simulations were also performed with the MPPT implemented by sensing the parameters of PV 2 in place of PV 1 , with the other conditions remaining the same (results not explicitly shown due to paucity of space). It was observed that the THD in grid current after the occurrence of sudden shading increased to 85%, but in steady state, it reduced to within 10%-15% range. However, the steady-state power tracked in this case is much smaller than the previous case (325 W), leading to ineffective utilization of the PV arrays, especially PV 1 .
B. Results With the Proposed Topology 1) Case b (Performance of an Inverter With Asymmetrical Operating Principles in the Two Half Cycles):
The results shown in Fig. 5 are for a PV inverter employing different principles of operation in the positive and negative half cycles. The proposed circuit (Fig. 1) is operated as a buck-boost converter in the negative half cycle [ Fig. 3(a)-(c) ]. However, in the positive cycle of grid voltage, instead of operating the circuit as a buck-boost converter, the circuit is operated as a buck converter when the PV voltage is greater than the grid voltage and as a boost converter when the grid voltage is greater than the PV voltage. Fig. 5(c) shows the asymmetry in the grid current when the circuit is operated with "bang-bang control" to control the inductor current in CCM. The amplitude of grid current during the positive half cycle is 2.5 A, while that in the negative half cycle, it is about 2.1 A. Hence, the grid current has a dc component of 0.10 A (about 6.44% of the fundamental component) and its THD is about 15% in CCM. Fig. 5(d)-(f) shows the results when the same circuit is operated in DCM. The grid current is more distorted as compared to the CCM operation, with a THD of 22% and a dc component of 0.18 A (10.15% of the fundamental component). Fig. 5(f) shows that the distortion is higher during the positive half cycle of grid current. This is on account of the switching from the buck to boost mode and vice versa. Fig. 6 shows the results when an inductor of inappropriate value is used with the proposed topology (Fig. 1) . Following values are selected for the various components: L 1 = 210 µH, C f = 20 µF, L f = 2.3 µH, C in = 4500 µF. ∆V and ∆V PV are taken as 20 and 2.5 V, respectively, while f c = 750 Hz. Two parallel-connected PV strings are used as the source. Each PV string has six series-connected PV modules. I PV mpp max and V PV mpp max values for this arrangement are approximately 7 A and 95 V, respectively. With f s = 10 kHz and V g = 230 V (rms), the critical value for inductor L crit , using (9) , is obtained as 203 µH. Hence, the selected value of L 1 (=210 µH) results in CCM operation. Fig. 6 (a) shows that when the generated PV power is near its full capacity, the system operates in CCM. As a result, grid current gets distorted [ Fig. 6(b) ] and injects a distorted grid current with a large dc component [ Fig. 6(e) ]. Fig. 6(c) shows a 100-Hz ripple in the PV current. This results in a ripple in the capacitor (C in ) voltage. The more the current ripple, the more is the ripple in the voltage and less is the average output power obtained from the PV array. The voltage ripple can be minimized by using a higher value decoupling capacitor (C in ). Fig. 7 shows the response of the proposed converter ( Fig. 1 ) while operating in DCM (with L 1 < 203 µH). Fig. 7(b) shows that as there is only one PV array and only one inductor, the problem of asymmetry in the grid current does not arise. The insolation received by the array before t = 2 s is 1 kW/m 2 and 0.5 kW/m 2 after t = 2 s. Fig. 7(d) shows the amplitude of the reference sinusoidal waveform used for the sine-triangular PWM technique. The amplitude reaches the steady-state value and oscillates about this value. The oscillations are a result of intentional perturbations due to the application of P&O method for MPPT. Fig. 7 (h) and (i) demonstrates the effectiveness of the topology, and the control scheme to limit the THD and the dc component to a much lower value of 0.02 and 0.015 A (about 1% of the fundamental component at low power output under the given partially shaded conditions), respectively. Also, as shown in Fig. 7 (e)-(g), unlike the split PV-source-based topologies, the MPP is tracked continuously. This ensures effective utilization of the PV array.
2) Case c (Effect of Buck-Boost Inductor Value on the Performance of the Inverter):

VI. EXPERIMENTAL RESULTS
The experimental setup comprises three parallel-connected PV strings, each with six series-connected PV modules. The specifications of the PV module (output power, current and voltage at MPP, short-circuit current, and open-circuit voltage) at an insolation level of 1 kW/m 2 and 25
• C temperature are P max = 38 W, I mpp = 2.29 A, V mpp = 16.6 V, I SC = 2.55 A, and V OC = 21.5 V. Partial shading, using the transparent gelatin papers, is applied artificially by shading the two modules in the first PV string and three modules in the second PV string. [16] Figs. 8 and 9 show the results obtained with the circuit configuration that has two parallel-connected buck-boost converters [16] and does not have a double grounding. To study the effect of mismatch in buck-boost inductor values, the circuit is implemented with buck-boost inductors of values L 1 = 0.32 mH and L 2 = 0.29 mH. Fig. 8 shows that due to the mismatch, the grid current amplitudes are not same in the positive and negative half cycles (visible in the power waveform). Fig. 9 shows the variation in the potential of the positive and negative bus with respect to the grid neutral. The absolute maximum voltage at the PV bus is the sum of the grid voltage amplitude and the PV bus voltage. This may lead to an electric shock to a person touching the PV array. Fig. 10 shows the performance of the proposed inverter ( Fig. 1 ) when operating at the global peak power point. The operating voltage, current, and power at this point are 92 V, 2.1 A, and 193.2 W, respectively. The grid voltage is adjusted (using a variac) to about 100 V with a peak of 141 V. The power supplied to the grid is 168 W. Fig. 10 shows a symmetrical, distortion-free, sinusoidal grid current that is in phase with the grid voltage. Fig. 11 shows the operation of the proposed inverter when the array is receiving low solar insolation. Fig. 11(a) shows the grid-side and PV-side waveforms along with the voltage across the filter capacitor and the buck-boost inductor current. Fig. 11(b) shows that for a grid current of 0.82 A, the THD in grid current is 4.9% (case i), which conforms to the standard IEEE 519 (THD ≤ 5%), while for a grid current of 0.43 A (corresponding to a very low power level), the THD is 9.2% (case ii).
A. Results With the Two-Inductor Topology
B. Results With the Proposed Topology
VII. CONCLUSION
Single-phase, single-stage, transformer-less grid-connected PV interfaces, capable of resolving the double grounding problem, have been reviewed. Most of the existing transformer-less topologies achieve double grounding by using a split PV source. Such topologies, when operating under nonuniform conditions, face problems such as inefficient array utilization and dc current injection into the grid. Even inverters sourced by a single PV string, but which operate on different principles in the two halves of the ac cycle, inject a significant dc component into the grid current.
A compact PV-grid interface, which operates with a single PV source and has the capability of double grounding has been proposed, analyzed, designed, and developed. It is observed that the maximum voltage that can develop on the ungrounded conductor is limited to the PV array output voltage, and hence, the topology exhibits a good safety feature. The topology uses only one PV source, a single buck-boost inductor, and a decoupling capacitor that are shared in both the half cycles. This eliminates the problems arising out of asymmetrical operation and mismatch in the components.
The THD and dc component of the injected grid current are much lower as compared to other topologies. In addition, due to its inherent nature, it can work over a wide input voltage range. The effectiveness of the proposed inverter configuration to operate in nonuniform insolation conditions is demonstrated with the help of simulation and experimental results.
